composed of 1 to 1.5 kb of GGGTTT/CA repeats) lies a polarized nuclear signal is also obtained in addition to punctate, perinuclear localization (Gotta et al., 1997) . In noncoding region of 20 to 40 kb composed of a mosaic of six different polymorphic repetitive elements. The or-S. cerevisiae, this antibody staining at one pole has been shown to be associated with the nuclear subganization of subtelomeres in P. falciparum is highly conserved on all chromosome ends, including the adjastructure, the nucleolus. We used the nucleolar marker Nop1 to test whether the same phenomenon occurs in cent coding region (Figueiredo et . Anti-PfNop1 antiIn this study we have identified epigenetic factors that control expression of the var genes, which are key body stains one pole of the nuclei. While the polarized PfSir2 crescent colocalizes with PfNop1, the discrete molecules in immune escape and pathogenesis of P. falciparum. We have discovered two distinct chromaperinuclear spots obtained with the anti-PfSir2 antibody directed against synthetic PfSir2 peptides were tin modifications that lead to the silencing of var genes. One of these is heterochromatin (involving a Sir2-like not recognized by the PfNop1 antibody ( Figure 1D ). We observed continuous expression of both of these moleprotein) that propagates from the telomeres over more than 50 kb into the chromosome-coding region. We cules during the complete erythrocytic cycle (data not shown). Whole-genome transcriptional analysis using show that the epigenetic silencing of var genes is reversible and is associated with histone acetylation at glass-slide microarrays ( 
Identification of the Sir2 Homolog in P. falciparum
As expected, we found that the PfSir2 foci colocalize In a previous study we had identified P. falciparum orwith the telomeric clusters ( Figure 1E ). thologs to most S. cerevisiae telomere-associated proUltrathin sections of blood-stage parasites were exteins (Scherf et al., 2001 ). We decided to look in more amined by electron microscopy to study the pattern of detail at the molecules that have been shown to be inchromatin in P. falciparum nuclei. Electron-dense hetvolved in chromatin modification and gene repression erochromatin was observed at the periphery of parasite in yeast, such as Sir2 (silent information regulator). The nuclei, with the condensation most pronounced in seg-S. cerevisiae Sir2 ortholog in P. falciparum (PfSir2) is mented schizont nuclei. Serial sectioning (not shown) annotated as PF13_0152 in the P. falciparum database revealed that this region of heterochromatin ranged (http://www.plasmodb.org). Alignment of PfSir2 and from around 20 nm to 50 nm in diameter and covered ScSir2 shows that the conserved core domain characthe majority, but not all, of the periphery of the nucleus. teristic of the Sir2 proteins is present in P. falciparum Sections were immunolabeled with antibodies directed ( Figure 1A) . against synthetic PfSir2 peptides and colloidal goldIn order to validate these candidates as functional conjugated secondary antibodies. Consistent with a molecules in P. falciparum, antibodies were generated role in chromatin modeling, PfSir2 colocalized with the using synthetic peptides from two different regions of electron-dense heterochromatin at the nuclear periphPfSir2 or against PfSir2 GST fusion proteins. Analysis ery but was absent from the electron-sparse nuclear of the anti-PfSir2 antibody by Western blot (nuclear exinterior (Figures 2A and 2B ). In some sections the labeltracts) gave a major band of approximately 70 kDa with ing appeared to be grouped in patterns reminiscent of both types of antisera and a minor band of 52 kDa with telomeric clustering. anti-peptide antisera ( Figure 1B) . The anti-peptide antisera also crossreacted with a cytoplasmic 30 kDa protein (data not shown). Preimmune serum gave no reacIdentification of Condensed Chromatin tion with the parasite extracts. A PfSir2 transcript of at Chromosome Ends 3.5 kb was detected in ring-stage parasites ( Figure 1C) , To investigate whether differential chromatin compacsupporting the Western blot results. tion is present within the nucleus, we used FISH to obtain a chromatin density map of the P. falciparum chromosome ends. Our strategy was to use combinations PfSir2 Protein Localizes to Telomeric Foci and the Nucleolus of single probe tags located along the length of chromosome 2, combined with a telomeric probe, to deterImmunolocalization experiments show that the antiPfSir2 antibody signal is highly concentrated at one pole mine the level of chromatin condensation in colocalization studies ( Figure 2C ). of the nucleus; however, some discrete immunofluorescent foci remain around the nucleus. This pattern is very Rep20 was used as the telomeric probe in combination with the subtelomeric genes PFB0870w or PFB0125c. similar to the pattern obtained in S. cerevisiae, where a Internal gene combinations of the probes PFB0870w/ pixels between Rep20 and the subtelomeric probe PFB0870w was found to be 30.33 kb/pixel, and the disPFB0675w and PFB0125c/PFB0340c were chosen to determine whether the chromatin is condensed in a diftance between Rep20 and PFB0125c was determined to be 20.63 kb/pixel. The observed space between the ferent form in the chromosome internal regions. The physical distance between the chromosome end markthree pairs of chromosome internal probes was 5.79 kb/pixel, 9.1 kb/pixel, and 3.88/pixel. This indicates that ers is 165 kb between Rep20 and the PFB0870w gene and 110 kb between Rep 20 and the PFB0125c gene. the condensation of internal chromatin regions is much less compact than at telomeres. A hypothetical model The internal marker combinations PFB0870w/PFB0675w, PFB0125c/PFB0340c, and PFB0400w/PFB0510w gave illustrating two alternative forms of chromosome organization in the nucleus as determined by FISH results is distances of 146 kb, 170 kb, and 95 kb, respectively. FISH studies using combinations of these probes were shown in Figure 2D . performed and the distance between the spots was measured. In order to define the distance in pixels and Acetylated Histone H4 Is Excluded from Chromosome Ends to obtain comparable distance values, the mean number of pixels between each spot was divided by the Histone acetylation is a hallmark for active genes (Jenuwein and Allis, 2001). To determine whether P. falphysical distance in kb, thus defining the number of kb/ pixel for a given chromosome region. The distance in ciparum chromosome ends and acetylated histones occupy different compartments in the nucleus, we perby image "deconvolution" processing revealed that the localization of the two signals was almost mutually exformed simultaneous IF-FISH using anti-acetylated histone antibodies for the IF data and a telomeric probe clusive, suggesting that the transcription of genes is usually excluded from the periphery (data not shown). for FISH. Results showed that the two probes define different chromosomal compartments. As illustrated in Figure 3 , acetylated H4 was found to be restricted to A Chromosomal Gradient of PfSir2 and Acetylated Histones the interior of the nucleus, whereas the telomere probe was localized in the periphery of the nucleus. Similar
To overcome the limitations of resolution for FISH and immunolocalization, we performed chromatin immunoresults were observed using anti-acetylated histone H3 (Lys14) antibodies (data not shown). Microscopic threeprecipitation (ChIP) to map the binding of PfSir2 to its DNA sequence. DNA, precipitated using anti-PfSir2 dimensional through-stack (z-stack) sampling followed antibodies, was hybridized in dot-blot assays against to the HRP1 gene (approximately 120 kb from telomeres) were performed. Anti-PfSir2 antibodies did not telomere repeats; Rep20 repeats; and the promoter regions of two transcribed blood-stage genes, HRP1 and reveal any additional shift ( Figure 4C ). This result supports the evidence that PfSir2 protein spreads out from GBP130. The dot-blot detection method was used since a comparative real-time PCR analysis on large the telomere over a distance of at least 20-40 kb and is an important component of the heterochromatin repetitive DNA elements is not possible. Input DNA (nuclear DNA prepared after sonication) was used as a complex around Rep20. control to demonstrate hybridization with all spotted DNA fragments. ChIP analysis shows that PfSir2 binds PfSir2 Binding and Histone Deacetylation at Promoters Control Mutually Exclusive Repression to telomeric chromatin, supporting the data of Figure  1E . Surprisingly, PfSir2 binding spreads out to the subof Subtelomeric var Genes To determine the role of PfSir2 in the control of teltelomeric repeat Rep20, a region that lies adjacent to the regulatory 5# UTR element of telomeric var genes.
omeric var gene expression, we performed ChIP assays using anti-PfSir2 and anti-acetylated histone H4 antiNo PfSir2 was associated with 5# UTR of the two expressed blood-stage genes, which are located approxibodies. For this purpose we used two selected parasite populations of the same genetic background expressmately 100 kb from the telomere end ( Figure 4A ). The opposite results were obtained using antibodies that ing two distinct members of the var gene family. In one of them, a specific telomeric var gene (var2CSA) is exrecognize acetylated histones H3 and H4, indicating that histone acetylation is associated with gene activity pressed (FCR3-BC1 CSA ); in the other, this gene is repressed (FCR3 CD36 ) and expresses another member of in P. falciparum. An example for anti-acetylated H4 is shown in Figure 4A . the var gene family. var genes are controlled by distinct promoters differing in sequence (denoted upsA, B, C, To investigate the presence of PfSir2 in the DNA-protein complexes formed by nuclear extracts in the and E), and genes controlled by upsA, upsB, and upsE promoters are located in the subtelomeric region, alRep20 region, antibody supershift experiments were carried out. These assays were performed using parathough some upsB are present in central regions. var genes controlled by upsC are exclusively found toward site nuclear extracts and an oligonucleotide containing only one repeat of Rep20. This radiolabeled Rep20 the center of the chromosomes (Gardner et al., 2002; Voss et al., 2000). upsE is unique and regulates the oligonucleotide was incubated with 5 g of nuclear extracts obtained from asynchronous cultures of P. falvar2CSA gene (PFL0030c; Gardner et al., 2002). We found that the var2CSA gene promoter upsE was imciparum. DNA-protein complexes were analyzed on nondenaturing polyacrylamide gels. A protein-DNA munoprecipitated by anti-acetylated histone H4 antibodies when this gene is active, but not when it is incomplex was detected when Rep20 was incubated with nuclear extract (Figure 4B ). These results suggest active ( Figure 5A ). None of the other var promoters were acetylated, strongly indicating that mutually exthat there are nuclear proteins that recognize primary sequence elements in the Rep20 region. To determine clusive transcription of var genes is strongly linked to histone acetylation. The opposite result was observed whether PfSir2 is present in this protein-Rep20 complex, nuclear extracts were preincubated with increaswith anti-PfSir2 antibodies. The upsE promoter of the inactive var2CSA gene forms a complex with PfSir2, ing quantities (15 and 30 g) of antiserum generated against PfSir2 before the addition of radiolabeled whereas activation of the var2CSA gene leads to the disappearance of PfSir2 from this promoter region. It is Rep20 oligonucleotide. In the presence of PfSir2 antiserum, an additional high-molecular-weight protein-DNA noteworthy that in CD36-selected parasites, anti-acetylated H4 precipitates a member of the central var complex was observed, and this increased in a dosedependent manner. Preimmune serum did not induce genes (upsC); however, no binding of PfSir2 was detectable with upsC promoters in CSA-selected paraany supershifting. In order to demonstrate that PfSir2-mediated chromatin modifications are specific for subsites. Thus, our data suggest that central var genes are repressed in a PfSir2-independent manner. This obsertelomeric regions, supershift experiments with a chromosome internal oligonucleotide probe corresponding vation is strongly supported by microarray experiments How this could be mediated is not clear, but the model var genes appear to be, by default, in a silent state.
would predict that physical interaction of different var Based on our ChIP data described in Figure 5A , it is genes might be necessary, and physical clustering of likely that central var genes (upsC-type promoters) may var genes, as occurs in telomeric foci, may determine be silenced by a PfSir2-independent process. We prethe switch-order event. Elegant work on African trydict that distinct pathways for the silencing of var panosomes (Navarro and Gull , concepts for how to study these puzzling processes.
ature followed by fixation in 4% paraformaldehyde/PBS (phosphate-buffered saline) for 10 min. Next, the fixed parasites were Experimental Procedures incubated with the primary antibody for 30 min at room temperature followed by incubation for 30 min with a secondary antibody P. falciparum Culture conjugated with fluorochrome. The slides were fixed again using P. falciparum blood-stage parasites were cultivated as described 4% paraformaldehyde/PBS for 10 min. This process is important (Trager and Jensen, 1976) . The FCR3-BC1 CSA parasites are deto preserve the first and second antibody complexes over the next scribed elsewhere (Andrews et al., 2003) , and panning assays for step. We introduced some modifications to the previously deselection of FCR3 parasites that transcribe var genes associated scribed FISH technique (Freitas-Junior et al., 2000) to better prewith CD36 and CSA binding have been described (Scherf et al., serve the immunofluorescence signal obtained in the previous IF 1998).
step. The denaturation step was performed in 70% formamide, 2× standard saline citrate (SSC) at 72°C for 7 min followed by serial Antibodies dehydration in ethanol 70%, 85%, and 100% at −20°C, 1 min each. To obtain polyclonal antibody serum against PfSir2 and PfNop1 we
The sample was allowed to air dry. In parallel we proceeded with used the Eurogentec standard protocols for immunizing rabbits. the denaturation of the FISH probes in hybridization buffer (50% Each animal was immunized with a combination of two synthetic formamide, 2× saline sodium phosphate EDTA [SSPE], 10% peptides. The sequences are as follows: PfSir2, N-NSIWSKYDPRIY dextran sulfate, 250 g/ml herring sperm DNA) at 95°C for 10 min. GTI-C and N-ANILKGSSEKNKKIM-C; PfNop1, N-GRGNKDRKSFKK Finally, sealed in a plastic frame, the probes were incubated for 10 DNK-C, GRGNKDRKSFK KDNK-C, and N-DLTNMSKKRSNIVPI-C. PfSir2 was expressed as a GST fusion protein (amino acids 53 to min at 72°C, then for 12 hr at 37°C.
